Starch is one of the most abundant polysaccharides on the earth and it is the most important source of energy intake for humans. Thermoplastic starch (TPS) is also widely used for new bio-based materials. The blending of starch with other molecules may lead to new interesting biodegradable scaffolds to be exploited in food, medical, and pharmaceutical fields. In this work, we used native starch films as biopolymeric matrix carriers of chemo enzymatically-synthesized poly (glycerol-adipate) (PGA) nanoparticles (NPs) to produce a novel and biocompatible material. The prototype films had a crystallinity ranging from 4% to 7%. The intrinsic and thermo-mechanical properties of the composite showed that the incorporation of NPs in the starch films decreases the glass transition temperature. The utilization of these film prototypes as the basis for new biocompatible material showed promise, particularly because they have a very low or even zero cytotoxicity. Coumarin was used to monitor the distribution of the PGA NPs in the films and demonstrated a possible interaction between the two polymers. These novel hybrid nanocomposite films show great promise and could be used in the future as biodegradable and biocompatible platforms for the controlled release of amphiphilic and hydrophobic active ingredients.
Introduction
Starch is one of the most abundant polysaccharides on the earth and has a huge potential as a very well-defined raw material for functionalized biomaterials. Starch consists of two major polymers, amylose and amylopectin [1] . Amylopectin is a much larger molecule than amylose (M w = 1 × 10 7 -1 × 10 9 ) and represents 65%-75% of starch. It has a highly branched structure, with α-(1-4)-linked D-glucose backbones and approximately 5% of α-(1-6)-linked branches [2] . Amylose is a quasi-linear polymer composed by α-(1-4)-linked glucose residues and has a molecular weight of approximately 1 × 10 5 to 1 × 10 6 Da [3] . Amylose has a small degree of α-(1-6)-linked branches. Amylopectin and amylose together form semi-crystalline and insoluble granules with an internal lamellar structure.
Thermoplastic starch (TPS) has been widely used as raw material for the production of novel biobased compostable materials [4] [5] [6] [7] [8] . Unfortunately, TPS forms a brittle material that is sensitive to water [8] . An option to improve the intrinsic characteristics of TPS is to blend or coat it with other biocompatible and bio-renewable polymers. Depending on the polymer used, the blend will have diverse functionalities and properties [4, 9, 10] .
Bio-based poly (glycerol-adipate) (PGA) can be envisaged as a suitable candidate for starch co-polymeric-blends. In fact, PGA is a functionalizable, biocompatible, and biodegradable macromolecule [11] [12] [13] . Interestingly, PGA can be synthesized by a green poly-condensation reaction catalyzed by a lipase immobilized on acrylic beads (Novozyme 435) (Figure 1 ). The enzymatic synthesis of poly-(glycerol adipate) (PGA) from divinyl adipate and glycerol is a simple and versatile strategy [11] [12] [13] . It is possible to exploit the chemo-and regio-selectivity of the enzyme to leave the secondary hydroxyl moiety unreacted, avoiding tedious and complicated protection/deprotection chemistry steps [12] .
The reaction temperature is optimally performed at 50 • C to produce a highly linear polymer backbone motif with negligible branching [14] [15] [16] [17] . Since the hydroxyl moieties are positioned in the outer shell of the nanoparticles (NPs), PGA will create low-force interactions with starch. This will avoid phase separations and allow the formation of a cohesive film. Furthermore, the utilization of a polysaccharide as the matrix for PGA nanoparticles will enable the formation of a possible biocompatible device for drug or flavor delivery.
In the present study, native starch extracted from barley was used as a base for cast biomaterial films. Because of the intrinsic brittleness of starch, the films were plasticized with glycerol. Furthermore, native starch films were used as a coating of PGA nanoparticles to produce a novel and biocompatible scaffold. The materials produced were characterized for their macro-and microstructure, chemical composition, crystallinity, thermos-mechanical properties, and biocompatibility.
Materials and Methods

Materials
Unless otherwise stated, all the chemicals used in this work were purchased from Sigma-Aldrich. Barley starch was kindly donated by Altia starch (Sweden). The human intestinal epithelial adenocarcinoma cell line, Caco-2, were obtained from the American Type Culture Collection (ATCC) and used between passages 45 and 50. Cells were cultured in Dulbecco's modified Eagle medium (DMEM) supplemented with 10% fetal bovine serum (FBS) at 37 • C in a humidified incubator with 5% CO 2 . Cells were routinely grown in 75 cm 2 culture flasks to 70% confluence. Caco-2 cells were seeded at a density of 1 × 10 4 cells per well in 96-well plates for cytotoxicity experiments and cultured for 24 h before assaying.
Methods
Poly-(Glycerol Adipate)(PGA) Synthesis
Glycerol (125 mmol) and divinyl adipate (125 mmol) were poured into a 250 mL 3-neck round-bottomed flask and mixed with anhydrous 50 mL tetrahydrofuran (THF). The resulting system was heated in a tared oil bath. Lipase (1.1 g extracted ≥5000 U/g, recombinant, expressed in Aspergillus niger) was added into the mixture when the internal temperature of the reaction reached 40 to 45 • C and achieved a single homogeneous liquid phase. The stirring was set at 250 rpm using an overhead mechanical stirrer for 24 h. The reaction was stopped by filtration of the enzyme beads and THF evaporation. Any residual free enzyme in the dry fraction was deactivated by heating the product at 95 • C for 1 h. The final product was a pale yellow highly viscous liquid [12] . PGA and PGATyr NPs were produced by the nanoprecipitation technique, reaching a final concentration of 1.5 mg/mL in the aqueous medium. Initially, the polymers were dissolved in acetone (2 mL) and added to ultrapure water (10 mL) under constant magnetic stirring (550 rpm) at Room Temperature (RT) (19 • C). The organic solvent was evaporated from the mixture while being agitated in a fume hood. Particle sizes were measured by dynamic light scattering (DLS, Zetasizer Nano ZS, Malvern Instruments, Malvern).
Enzymatic Degradation Assay
To evaluate the biodegradability of PGA and PGATyr, NPs (initial concentration 1.5 mg/mL) were diluted in PBS at a final concentration of 0.5 mg/mL. Lipase was prepared in PBS (pH 7.4) to a concentration of 10 mg/mL (215 units/mL). In total, 50 µL of the lipase mixture was added to the NP suspensions. DLS measurements were carried out for 180 sec after the enzyme addition at constant shaking at 37 • C to evaluate the swelling of the NPs in degradative conditions.
Melt Behavior Measurements
The melting behavior of the starch used in this study was measured using a high-pressure rheometer (Anton-Paar MCR series, Graz, Austria). In particular, a stirrer geometry was used and the rheometer program was as follows: 960 rpm for 90 s at 30 • C, followed by a pasting step at 170 rpm, a temperature ramp from 37 to 95 • C with a heating rate of 1 • C/min, an isotherm at 95 • C for 5 min, a final ramp from 95 to 50 • C at a cooling rate of 5 • C/min, for 5 min, and a final isotherm at 50 • C for 5 min.
Water Contact Angle (Θw)
Water contact angles (Θw) were measured at room temperature by employing a KSV Cam 200 (KSV Instruments Ltd, Helsinki, Finland) and angle pictures were analyzed with dedicated software (CAM200 1.1-KSV instruments). Four measurements were recorded for each polymer.
ATR FT-IR
ATR-IR spectra were acquired by means of an attenuated total reflection spectrophotometer (Agilent Technologies Cary 630 FTIR, Santa Clara CA, USA) equipped with a diamond single reflection ATR unit. Spectra were acquired with a resolution of 4 cm −1 , in the range 4000-650 cm −1 by acquiring 32 interferograms. Spectra were analyzed with the open access software SpectraGryph1.2.
Casting of Films
The native water content (%w) of starch (ST) was measured by thermogravimetric analysis and was taken into account for the final formulation. The films were casted with a final surface area of 10 mg/cm 2 . The PGA nanoparticles were, respectively, 3% and 10% of starch (dry weight, d.w.). To achieve plasticization of the films, 25% of glycerol was included to the mixture.
Starch was suspended in de-ionized water. The solutions were mixed at 300 rpm with magnetic stirring following heating in an oil bath at 95 • C until gelatinization. After the gelatinization phase, the solutions were placed into an ice bath while being agitated. When a temperature of 50 • C was reached, glycerol and PGA NPs were added and mixed until full homogenization. The solutions were immediately casted in Teflon-coated petri dishes and the films dried at 50 • C in an oven with ventilation. Prior to any analysis, the film prototypes were equilibrated to stabilize the moisture content in a desiccator containing a saturated solution of potassium chloride (relative humidity 85% ± 1%).
X-Ray Scattering
The films were loaded in a sealed holder to minimize evaporation during the measurement. X-ray measurements were conducted using a Panalytical Xpert Pro (Nottingham, UK).
The radially averaged intensity is given as a function of the scattering vector, q = 4π sin θ/λ, where λ is the wavelength and 2θ is the scattering angle. The samples were measured in the WAXS setting (wide-angle X-ray scattering) to an upper 2θ value of 35 • or 2.86 Å. The exposure time was 400 s/step with a step size of (0.0131303 • ) [5] .
Dynamic Mechanical Analysis
Dynamic mechanical analysis (DMA) with a temperature gradient was performed in tension mode with a displacement of 0.005 mm and frequencies of 1 and 10 Hz. A standard heating rate of 3 • C min −1 was used and a ramp from −50 to 120 • C. The experiments were performed on prototypes with a length of 10 mm [7] . The glass transition temperature was estimated by comparing the derivative function of the storage modulus and the tan delta (tanδ) peak.
For measurements in a humidity-controlled environment, the temperature was kept constant at 37 • C and the relative humidity (RH) was increased up to 80% at a rate of 0.3 %RH/min and kept at 80% until equilibration.
Confocal Microscopy
Confocal laser scanning microscopy (CLSM) was performed using a Leica system (Leica SP5-X, Leica Microsystems) equipped with x63 water immersion objectives. Films were prepared as previously described. PGA and PGA-Tyr NPs were prepared by nanoprecipitation to a final concentration of 1.5 mg/mL. Coumarin 30, used as fluorophore, was dissolved in methanol to a concentration of 1 mg/mL and the polymer was dissolved in acetone at the same concentration. Coumarin 30 solution (15 µL per mg of polymer) was added to the polymer solution and the resultant solution added dropwise to ultrapure water under magnetic stirring. The nanoparticle suspension was immediately transferred to a dialysis membrane with a 3.5 kDa MWCO (Mw cut off, Regenerated Cellulose Dialysis Tubing, Type T1, Fisherbrand) and dialyzed against water for 4 h to remove the acetone, methanol, and any free coumarin 30. The acetone was evaporated, and particles were dialyzed against water for 3 h. Images were analyzed with the LAS X 3.0 software.
Cytotoxicity Test
Assessment of cytotoxicity was performed in accordance with ISO standard 10993-5 via an extract test to evaluate the biocompatibility of any leachable material by-products by the simulation of clinical application [18] . The PrestoBlue cell viability assay (ThermoFisher) was used to probe mitochondrial function and the detection of lactose dehydrogenase (LDH) release was used to measure cell membrane integrity (Sigma-Aldrich, TOX7 kit, St. Louis MO, USA). Films were UV sterilized for 20 min and placed in DMEM (Dulbecco minimal essential medium) with 10% fetal bovine serum (FBS) (3 cm 2 per ml) for 24, 48 and 72 h and incubated at 37 • C in a humidified incubator with 5% CO 2 . The resulting solutions were applied to cells (100 µL per well) and incubated for 48 h. A negative control with DMEM and a positive control (0.1% Triton X-100) were also included in the cytotoxicity experiments. Following exposure, 50 µL of supernatant were collected per well for analysis of LDH content. Cells were washed twice with phosphate-buffered saline (PBS) and 100 µL 10% (v/v) PrestoBlue reagent diluted in DMEM was applied per well for 60 min. The resulting fluorescence was measured at 560/600 nm (λex/λem). Relative metabolic activity was calculated by setting values from the negative control as 100% and positive control values as 0% metabolic activity. Assessment of LDH release was performed according to the manufacturer's instructions and involved adding 100 µL of LDH reagent to the collected supernatant samples and incubating them at room temperature shielded from light for 25 minutes. Absorbance was measured at 492 nm. Relative LDH release was calculated with the negative control absorbance at 492 nm taken as 0%, and the positive control, assumed to cause total cell lysis, as 100%.
Results and Discussion
Native Starch Melt and Crystallinity Characterization
Before the production of the films, the native starch was analyzed for its melting behavior in water to allow a precise design of the melting process. In particular, the 10% suspension of starch granules was processed using a high-pressure sealed rheometer to avoid any evaporation of water (Figure 3) . This rheometer allowed a better understanding of the starch behavior during melting as compared to standard rapid visco analysers, which have open vessels, thus risking significant water evaporation.
The measurement showed a pasting viscosity of 18.8 cP at a temperature of 88 • C. The hot peak viscosity was measured at 95 • C. During the isotherm, a breakdown of viscosity was detected at 95 • C, indicating complete melting of the starch. During the fast cooling phase, when a temperature of 50 • C was reached, the melt started to form a gel, with a peak viscosity of 1300 cP. These measurements allowed the design of a melting profile for the production of the films [6] .
Since starch has a semi-crystalline nature, it was first characterized using wide angle X-ray scattering (WAXS) to identify its diffraction pattern following full hydration [5] . The initial crystallinity also provided data to calculate the degree of disruption of the native crystallinity in the films. The results showed that the native starch possessed an average degree of crystallinity (20%) and was found to be a common mixture of A-type and B-type polymorphs, with a V-type peak centered at 20 (2θ) [19] . These data prove that the starch used, even if it was industrially extracted, did not undergo any transformation of the crystalline and amorphous structure. 
Synthesis and Characterization of Nanoparticles
PGA and PGATyr NPs were formulated via the simple nanoprecipitation technique, using acetone as the organic phase. Due to the intrinsic amphiphilic structure established among the backbone and the side groups of these polymers, the poly-(glycerol adipate) can favorably self-assemble in water without the use of surfactants, thus reducing undesired side effects. Before the preparation of the composite films, an enzymatic dynamic light scattering (DLS) screening assay to confirm the biodegradability of PGA and PGATyr NPs was performed [20] . PGATyr NPs (145 nm) were smaller than the NPs produced from bare PGA (175 nm), confirming the existence of better packing in the hydrophobic core, supposedly due to the π-π interactions among the aromatic moieties [13] .
NPs' size alterations were recorded in the presence of lipase against NPs enzyme-free controls. It has been suggested that the increase in particle size represented by the swelling of the NPs is a sign of degradation when interacting with enzymes [21] . Remarkable swelling in terms of hydrodynamic size was observed for both materials. However, a different swelling pattern was observed for the two polyesters after 3 h of contact with lipase ( Figure 4 ). In fact, PGATyr reached half of the size of the pure PGA NPs. These differences may be related to a lower enzyme accessibility because of steric hindrance caused by different polymer chains spatial arrangement or chains packing and interactions linkable to the π-π stacking interactions amongst the aromatic tyrosyl residues [13] . 
Crystallinity, Contact Angle, and Microstructures of Films
After the melting and crystallinity characterization of native starches, films were prepared by casting. Before any analysis, the films were equilibrated in an environment with controlled relative humidity (RH: 85%). The crystallinity showed a decrease for all the films as compared to native starch (Table 1 ). In particular, the different crystalline polymorphs and their relative contribution to the overall crystallinity were altered following recrystallization during the drying process ( Table 1) . The crystallinity of the films was severely reduced by the heat treatment. In fact, the crystallinity was three-fold lower for the films with unmodified PGA NPs and four-fold lower when the NPs were grafted with tyrosine. Furthermore, for all films, no A-type polymorphism was individuated, confirming the complete melt of the crystalline structure during the heating treatment [5] . The crystalline polymorphs detected in the films are due to the natural process of recrystallization of the starch. Interestingly, the addition of NPCs in the starch films allowed the growth of a similar relative distribution of Vh-and B-type polymorphs. The stacked IR spectra of the four starch films ( Figure 5 ) demonstrate that the introduction in the starch matrix of both glycerol and the polymeric NPs led to variations in the hydrogen bond network depicted by the variation in the wave number of the OH stretching in the region between 3600 and 3200 cm −1 . In the spectra of starch mixed with pure PGA (StPGA) and starch mixed with the PGA modified with tyrosine (StPGATyr), the appearance of a peak in the region around 1700 cm −1 is noticeable. This band is related to the stretching of the ester group, confirming the blending of the NPs within the film. Minor peak shifting and splitting can be observed in the area around 3000 to 2800 cm −1 and 1050 to 950 cm −1 related to the CH stretching and the C-O-C stretching, respectively. Due to the tight hydrogen bond network among the hydroxyl groups in the starch molecules, an extremely smooth and hydrophobic surface was observed ( Figure 6 and Table 1 ). This phenomenon is likely due to the masking of the polar OH, involved in the intra-and intermolecular H-bonding, within the starch matrix. However, by adding glycerol, PGA, or PGATyr NPs, a change in the recrystallization processes was expected and hence a perturbation of this H-bonding network. The addition of these molecules resulted in a drop in the value of the water contact angle ( Table 1 ). The variation in the water contact angle was more prominent after the addition of the two polymeric NPs compared to the variation related to the presence of glycerol (Table 1) . Interestingly, a direct comparison of the water contact angle and smoothness was observed ( Figure 6 and Table 1 ). The films with only starch (StOn) and starch mixed with glycerol (StGl) showed a smooth surface and consequently high contact angle values of 102 • and 88 • , respectively. On the other hand, the addition of the polymeric NPs tremendously affected the integrity of the starch surface film (Figure 6 ). A remarkable drop in the water contact angle (57 • and 32 • ) can be ascribed to these superficial alterations. It can be speculated that both the aliphatic and aromatic hydroxyl groups in the starch films containing PGAtyr NPs (StPGATyr) may deeply alter the nature and arrangement of the H-bonding network within the film. The films containing StPGATyr typically showed a lower relative crystallinity. To monitor the distribution of the poly(glycerol adipate) in the films, the NPs were loaded with a fluorescent dye (coumarin), which was dispersed into the films (Figure 7) . Two phases were easily visualized. The films containing the 3% NPs showed a fibril-like structure formed between starch (dark phase) and PGA (blue phase) ( Figure 7B ). This demonstrates that PGA NPs were stable during the drying of the films and the coumarin did not leak during fabrication and testing. Furthermore, the interaction between starch and PGA NPs was demonstrated. When the concentration of NPs was increased to 10%, the fibril structure was lost, probably due to the aggregation of the NPs ( Figure 7A ). 
Thermo-Mechanical Properties
Dynamic mechanical analysis was performed using controlled temperature and humidity scans. Firstly, the films were scanned to define the Tg of the blends equilibrated at 80% RH. In particular, the addition of NPCs showed a bimodal DMA trace distribution, with zones richer in NPs that vibrated at lower temperaturea. The starch-rich pockets showed a higher Tg as compared to the starch alone ( Table 2 ). The glass transition temperature of free PGA could not be recorded in these experiments. This was caused by the fact that PGA assembled in NPs embedded in a complex three-dimensional and semi-crystalline matrix. Hence, the glass transition of the poly-ester changed under these conditions, increasing to about 37 • C. StGl and StPGATyr were further analyzed in a humidity-controlled environment (Figure 8 ). In particular, these results showed that the PGA NPs changed their sensitivity to the water of the starch films ( Table 2 ). The glass transition of starch at 37 • C was detected only when the relative humidity reached 80%. On the other hand, StPGAtyr3 films showed a Tg transition at a relative humidity of 57% relative humidity, indicating a tendency in lowering the Tg in a lower-moisture environment. 
Biocompatibility Tests
Because starch is a biopolymer digested in the human intestine, biocompatibility tests were performed on Caco-2 cells, thus giving insight into the possible utilization of these films as a biocompatible material for drug or bio-actives release.
Cytotoxicity analysis in Caco-2 cells of film extracts generated from different incubation times with culture medium demonstrated that the extracts from the materials can be considered biocompatible, as no loss in cellular metabolic activity or damage to cell membranes was experienced following incubation with cells for 48 h (Figure 9 ). Indeed, compared to the negative control (DMEM), increases in metabolic activity (approximately 10% to 20%) were observed in various groups, including the starch and StGl and StOn films ( Figure 9) ; an effect likely related to the presence of free starch in the film extracts and the subsequent availability of this carbohydrate for cellular metabolism. These data demonstrate that starch-based films can be used as a base for biomaterials and for drug delivery. In fact, the films containing NPs did increase the metabolic activity.
Conclusions
Casted barley starch films were tested as bio polymeric carriers for poly-(glycerol adipate)-based nanoparticles. The native starch granules showed typical behavior during characterization of the melting profile and crystallinity. When the films were prepared, the overall crystallinity varied. In fact, for all the films, we identified a decrease in crystallinity down to a minimum of 4%. Furthermore, the films showed a mixture of Vh-and B-type polymorphs. Interestingly, the films with NPs showed a ratio between B and Vh of approximately 1:1. This result may be an indication of the formation of starch/PGA complexes.
The integration of nanoparticles in glycerol-plasticized films showed an interesting effect on the glass transition temperature. In fact, it was possible to measure variation in Tg and an increase in moisture sensitivity as well as in the final wettability of the film surface and superficial roughness.
In conclusion, the films showed a good capability for stimulating the growth of Caco-2 cells. Our work proves that starch has the potential to be a good biocompatible material and a coating polymer for nanoparticles. Furthermore, the films created are a possible alternative as a coating for food materials and the delivery of bioactive molecules (e.g., flavors). Funding: This research was funded by Danish council for independent research, grant number 7026-00060B.
